The Decorah structure, recently discovered in northeastern Iowa, now appears as an almost entirely subsurface, deeply eroded circular basin 5.6 km in diameter and ~200 m deep, that truncates a near-horizontal series of Upper Cambrian to Lower Ordovician platform sediments. Initial analysis of geological and well-drilling data indicated characteristics suggestive of meteorite impact: a circular outline, a shallow basin shape, discordance with the surrounding geology, and a filling of anomalous sediments: (1) the organic-rich Winneshiek Shale, which hosts a distinctive fossil Lagerstätte, (2) an underlying breccia composed of fragments from the surrounding lithologies, and (3) a poorly known series of sediments that includes shale and possible breccia. Quartz grains in drill samples of the breccia unit contain abundant distinctive shock-deformation features in ~1% of the individual quartz grains, chiefly planar fractures (cleavage) and planar deformation features (PDFs). These features provide convincing evidence that the Decorah structure originated by meteorite impact, and current models of meteorite crater formation indicate that it formed as a complex impact crater originally ~6 km in diameter. The subsurface characteristics of the lower portion of the structure are not well known; in particular, there is no evidence for the existence of a central uplift, a feature generally observed in impact structures of comparable size. The current estimated age of the Decorah structure (460-483 Ma) suggests that it may be associated with a group of Middle Ordovician impact craters (a terrestrial "impact spike") triggered by collisions in the asteroid belt at ca. 470 Ma.
INTRODUCTION
During the past few decades, impacts of large extraterrestrial objects onto the Earth's surface have become recognized and generally accepted as an important geological process (Grieve, 1991 (Grieve, , 1997 (Grieve, , 1998 (Grieve, , 2001 French, 1998 French, , 2004 Lowman, 2002; Jourdan and Reimold, 2012; Osinski and Pierazzo, 2013) . It has also been recognized that these rare but highly energetic events can produce major and often widespread geological effects, including the near-instantaneous formation of large geological structures, the generation of large igneous bodies, the creation of economic mineral and petroleum deposits, the deposition of regional and even global ejecta layers, and (in at least one case) the production of a major biological extinction (at the Cretaceous-Paleogene boundary, 66 Ma; Schulte et al., 2010) .
This recognition of terrestrial impact craters and their effects has been based mainly on distinctive and permanent petrographic and geochemical effects produced in target rocks and minerals by the extreme and highly transient conditions of pressure, temperature, stress, and strain generated by the intense shock waves uniquely created by hypervelocity impact events (French and Short, 1968; French, 1998; French and Koeberl, 2010; Koeberl, 2014) . In practice, one of the most widespread and widely used criteria for the identification of shock waves and meteorite impact structures has been the multiple sets of narrow, closely spaced lamellae (planar deformation features [PDFs] ) developed in quartz (see papers in French and Short [1968] ; also Stöffler and Langenhorst, 1994; Ferrière et al., 2009) , although a small number of other criteria (e.g., megascopic shatter cones and unique geochemical signatures of the impacting projectile) can also provide unambiguous identifications of impact structures (Tagle and Hecht, 2006; French and Koeberl, 2010; Koeberl, 2014) .
Since the 1960s, the number of established terrestrial meteorite structures has increased steadily at a rate of a few new structures per year (Grieve, 1998) , chiefly because the recognition of these shock-metamorphic features (generally shatter cones and PDFs in quartz) has made it possible to identify impact structures that are old, poorly exposed, deeply eroded, buried, or even subjected to post-impact metamorphism. At present, more than 190 preserved impact structures have been definitely identified (Earth Impact Database, 2016) , and model calculations suggest that at least several hundred preserved impact structures remain to be discovered on the land areas of the earth (Trefil and Raup, 1990; Grieve, 1991; Stewart, 2011; Hergarten and Kenkmann, 2015) .
This growing population of recognized impact structures, and the increasing diversity and complexity displayed by individual structures, have made it possible for current research efforts to expand beyond the simple identification of new structures and to explore more general impact-related problems: the mechanics and complexities of large crater formation, the nature of impact-produced rock deformation, the establishment of new criteria for impact events, the effects of the target geologic setting on impact crater development, and the wider geological and environmental consequences of impact events, However, despite the large number of presently known impact structures and the sophisticated state of current impact research, the field continues to evolve rapidly and unpredictably, and the identification of new impact structures remains an essential source of new data and of new and often unexpected questions.
In this paper, we describe the geology and origin of the Decorah structure, now present as a small, isolated circular basin (diameter ~5.6 km) in virtually undeformed Upper Cambrian and Lower Ordovician cratonic strata in northeastern Iowa (Liu et al., 2009; McKay et al., 2010 McKay et al., , 2011 . This structure, recognized during the investigation of a new KonservatLagerstätte, the Winneshiek Lagerstätte (Liu et al., 2006 (Liu et al., , 2007a , is almost entirely subsurface, appearing as an area of localized and anomalous sedimentary strata and structural deformation. The basin contains strata unlike those of the surrounding Cambrian through Ordovician rocks (McKay et al., 2010 Witzke et al., 2011; Wolter et al., 2011) . At present, two distinct lithologies are well recognized in the upper portion of the basinfilling sediments: (1) the Winneshiek Shale (Wolter et al., 2011) , a greenish-gray to black shale, and (2) an underlying polymict breccia apparently derived from local lithologies (McKay et al., 2010 . A third series of rock types, shale, and possible sandstone breccia, are poorly known from the deeper portions of the basin. The areal extent of the basin is presently defined by the known distribution of the Winneshiek Shale, the uppermost basinfill unit.
In particular, we report here the results of petrographic and petrofabric examinations of quartz grains from small samples of the subsurface polymict breccia underlying the Winneshiek Shale. We provide evidence that microscopic deformation features in the quartz grains are shock-produced planar fractures (PFs) and PDFs, establishing that the Decorah structure was formed by an extraterrestrial impact. We use hereafter the name "Decorah impact structure," after the city of Decorah, which overlies 40% of the structure. The name was originally introduced by Kass et al. (2013a Kass et al. ( , 2013b , following their initial analysis of airborne geophysical survey data collected for the study of Precambrian basement geology in a coincident but much larger study area.
Although generally similar to many known impact structures of comparable size, the Decorah structure reveals some unusual characteristics: (1) it is one of only a small number of impact structures developed entirely in a target of layered sediments, with apparently no involvement of the underlying crystalline basement; (2) it displays no evidence of a central uplift, a structural feature generally present in impact structures of comparable size; and (3) it has apparently undergone post-impact erosion of ~300-500 m of originally overlying preimpact sediments, together with such original impact-produced features as an uplifted crater rim and an ejecta layer that surrounded the original structure.
GEOLOGY OF THE DECORAH STRUCTURE Regional Geology, Target Rocks, and Age
The Decorah structure is located in Winneshiek County, northeastern Iowa (Fig. 1) ; its center is located at latitude 43°18′ 49″ and longitude 91°46′19″. The structure lies within the Paleozoic Plateau landform region of Iowa, an area of relatively high topographic relief and thin Quaternary deposits lying upon Paleozoic bedrock (Prior, 1991) . The upper surface of the structure, currently best defined by the mostly subsurface distribution of the Winneshiek Shale, spans a circular area of ~24.8 km 2 . About 10.1 km 2 of the structure underlies the town of Decorah. The bedrock-entrenched Upper Iowa River meanders across the southern half of the structure where, on average, 20 m of Quaternary alluvium overlies bedrock. The depth to the top of structure varies from 0 m at the river level outcrop of the Winneshiek Shale near the structure's eastern edge to 111 m along the northwestern margin on the upland above the river valley.
Paleozoic bedrock in the region is a gently tilted sequence of Upper Cambrian through Upper Ordovician cratonic sedimentary strata (Table 1) , chiefly quartzose and fine-grained feldspathic arenites, carbonate rocks, and lesser shale (Witzke and McKay, 1987; Witzke and Glenister, 1987; McKay, 1988 McKay, , 1993 Ludvigson and Bunker, 2005; Runkel et al., 1998 Runkel et al., , 2007 Runkel et al., , 2008 Wolter et al., 2011) . The maximum thickness of Paleozoic strata is estimated from drill hole information to be 620 m. Formations dip uniformly to the southwest at an average of 7.2 m/km (<0.5°), a subdued structural attitude typical of the region. Compared to much of Iowa, bedrock exposures, especially along valley walls, are common, but Quaternary colluvium, loess, and patchy glacial till up to a few meters thick mantle large portions of the valley walls and uplands.
The Paleozoic strata are underlain by a Precambrian (Mesoproterozoic) mafic to ultramafic complex thought to intrude Yavapai province (1.8-1.72 Ga) metagabbro and felsic plutons (Drenth et al., 2015) . This basement complex is estimated to be present at depths of 490-620 m below the land surface.
Paleozoic formations in the region have primarily been dated using biostratigraphy, but radiometric age dates from three K-bentonites in the overlying Galena Group (Kolata et al., 1996) provide additional age constraints on the structure. Of the three bentonites, the most accurately dated is the Millbrig K-bentonite, 1 m above the base of the Decorah Formation and ~37 m above the top of the Winneshiek Shale. 40 Ar/ 39 Ar single crystal laser fusion experiments on sanidine phenocrysts from the Millbrig yielded ages of 454-449 Ma (Chetel et al., 2004 (Chetel et al., , 2005 Smith et al., 2011) , a Late Ordovician age straddling the Sandbian-Katian stage boundary (Cohen et al., 2013) . This figure provides a minimum absolute age for the Decorah structure, but conodonts from both the crater-filling Winneshiek Shale, and the overlying crater-capping St. Peter Sandstone, are likely middle-late Darriwilian , indicating a minimum age of 460-465 Ma for the Decorah structure. A maximum age is provided by distinctive conodont faunas from the Shakopee Formation, the youngest rock unit currently preserved that is disturbed by the structure. These faunas, part of the North American Midcontinent Province fauna (NAMP), contain elements of Ibexian fauna D (Smith and Clark, 1996) , and are representative of the middle Tremadocian. Thus the Decorah structure was formed between the middle Tremadocian and the middle Darriwilian, 460-483 Ma (Cohen et al., 2013) . (A recently published study [Bergström et al., 2018] has used δ 13 C org chemostratigraphy to estimate the age of the Winneshiek Shale and the Decorah impact structure as [464] [465] [466] [467] values that are consistent with the other estimates given here.)
General Features of the Decorah Structure
The approximate areal extent of the Decorah structure is defined chiefly by the occurrence of the unusual Winneshiek Shale (Liu et al., 2006) , which is the uppermost basin-filling unit. Occurrences of the shale, identified in one small surface outcrop, water-well drill-cuttings, drillers' logs, and drill cores (McKay et al., 2010 ) define a roughly circular area with a diameter of ~5.6 km (Fig. 2) . More than 478 study area well records and 85 outcrops were examined in support of this delineation. Of those records, 35 encounter Winneshiek Shale and 23 sub-Winneshiek breccia. Subsequent airborne transient electromagnetic data identified and mapped the Winneshiek Shale as a circular conductor aligned nearly perfectly with the distribution mapped from the drill hole and outcrop data (Kass et al., 2013a (Kass et al., , 2013b . The structure truncates the Cambrian Lone Rock, St. Lawrence, and Jordan formations, and the Ordovician Oneota and Shakopee formations ( Fig. 3 and Table 1 ). The basin, and the rocks that fill it, are almost completely in the subsurface. About 94% (23.4 km 2 ) of the structure is disconformably overlain by the St. Peter Sandstone, and ~6% (1.49 km 2 ) is unconformably overlain by Quaternary alluvium of the Upper Iowa River. The uppermost basin fill (Winneshiek Shale) and deformed pre-impact target rocks are exposed at the present land surface in two separate small outcrops totaling less than 20 m 2 . The distribution of Winneshiek Shale (Fig. 2) , and the singular occurrence of deformed sedimentary rocks, define a roughly circular structure. Data from well cuttings and drill core samples indicate that this structure is a basin ~210 m in maximum depth, filled completely by a series of unique local lithologies not found in the surrounding sedimentary succession. Data on the substructure of the central portion of the basin are currently confined to a single set of well cuttings (Fig. 3: Well 53572) . This information is not sufficient to determine the exact nature of the floor of the structure, the location of the boundary between breccia and underlying bedrock, or the degree of deformation and displacement of the pre-basin sedimentary bedrock units. In particular, there is no indication as to whether or not the Decorah impact structure exhibits a central uplift of the subcrater rocks, a feature typical for impact structures of comparable size (e.g., Grieve, 1991; Grieve and Pilkington, 1996) . (See discussion below under "Apparent Absence of a Central Uplift"). Figure 2 . Map showing the locations and types of geologic data (well boreholes, outcrops, subcrop, etc.) used to define the distribution of the Winneshiek Shale. This unit occurs only within a circle ~5.6 km in diameter, labeled "Decorah impact structure"; outside this circle the Winneshiek is absent and the normal stratigraphy is present. The distribution of the Winneshiek Shale is therefore taken as a proxy for the area occupied by the currently preserved basin of the Decorah impact structure. The structure includes locations where the Winneshiek Shale is present at depth but overlain by younger units, such as the St. Peter Sandstone, as well as areas where the Winneshiek Shale is present at the bedrock surface but overlain by Quaternary alluvium, i.e., in the southeast quadrant of the structure. The Decorah structure is expressed by features of its internal stratigraphy (Figs. 3 and 4): (1) an absence of units within the normal stratigraphy of the area (Lone Rock through Shakopee formations); (2) indications of deformation and downdropping of the normal sedimentary section; (3) the circular distribution, at the top of the basin, of the Winneshiek Shale, a distinctive greenish-gray to black shale which contains a striking fossil Lagerstätte and is unknown outside the structure; and (4) the presence of an unusual and thick breccia unit, composed of large and small fragments of several units in the normal stratigraphy, underlying the Winneshiek Shale.
Surface Exposures and Access to Subsurface Crater-Fill Units
Surface exposures of the units involved in the Decorah structure are limited to one small riverbank exposure of the Winneshiek Shale and one demonstrably deformed and brecciated outcrop of Shakopee Formation. Both exposures occur along the Upper Iowa River at low elevations near the up-dip eastern side of the structure. The Winneshiek Shale exposure is the locality where the Winneshiek fauna has been collected (Liu, et al., 2006 (Liu, et al., , 2007a (Liu, et al., , 2007b (Liu, et al., , 2009 Lamsdell et al. 2015a Lamsdell et al. , 2015b Nowak et al., 2017 Nowak et al., , 2018 Briggs et al., 2016; Hawkins et al., 2018) . The H2 core (Figs. 5 and 6) was drilled at this locality above the outcrop.
A single exposure of deformed and brecciated Shakopee dolomite (Fig. 7) was discovered on the grounds of the Oneota Country Club after the basin boundary was mapped. This Shakopee outcrop is located ~50 m east of the boundary, which in this area is buried beneath Upper Iowa River alluvium. The outcrop apparently represents pre-impact target rock just outside the crater boundary, and the dolomite exhibits dips that are steep and irregular; values >10° and possibly up to 55° were noted, in contrast to the dips of <1° that are normal in the region. The outcrop also shows significant deformation (Fig. 7) compared to exposures of the same unit further outside the basin: general and pervasive closely spaced fracturing, multiple subparallel fracture sets, local in-place autobrecciation, possible tight overturned folding, and possible faulting and displacement. No exotic breccias (e.g., intrusive polymict breccia dikes) were observed. Shatter cones, which are features diagnostic of meteorite impact (French and Koeberl, 2010, p. 129) and are often well developed in fine-grained carbonate target rocks, were also not found.
Twenty-three of the 35 drill records that encounter Winneshiek Shale are deep enough to indicate the presence of sub-Winneshiek breccia, but only 18 of those include satisfactory samples of both Winneshiek Shale and subWinneshiek breccia. Of those 18 holes, two were cored; the other 16 were drilled as water wells, and drill-cutting chips were routinely collected and saved as samples. Four of the water wells are interpreted to penetrate the entire basin fill; three of these are located near the basin margin (Wells 124, 5885, and 25454) The basin fill (Figs. 3, 4 , 5, and 6) includes two units of particular significance. A lower (unnamed) breccia unit (Figs. 5 and 6) is composed of large and small, poorly sorted fragments of locally derived carbonates and sandstones; this unit may be partly or completely formed by sedimentary processes, It includes numerous rounded single quartz grains ≤2 mm in size, of which approximately ≤1% contain planar microstructures (both PFs and PDFs) produced by shock waves and described below. The overlying, clearly sedimentary, Winneshiek Shale varies from ~17-27 m in thickness across the basin, contains the unusual Lagerstätte deposit (Liu et al., 2006) , and is itself overlain disconformably by the Ordovician St. Peter Sandstone and Quaternary alluvium.
Crater-Fill Units: The Crater-Fill Breccia
A presently unnamed and complicated series of possible sediments and/or breccias, so far accessible only from drill cores and drill cuttings, underlies the Winneshiek Shale and apparently fills the remainder of the basin down to a tentatively identified floor of Paleozoic sedimentary bedrock (Figs. 3 and 4) . Because the few available coherent samples, obtained from two drill cores, show a highly fragmental and poorly sorted texture (see discussion of Sample H2-1-2, below), this unit is provisionally referred to as "crater-fill breccia," without considering the details of its origin and deposition. The maximum thickness of this unit is estimated to be 184 m. This value, however, is based on cross-section constructions, which are highly dependent on only four wells with apparent full penetration of the unit (Fig. 3 ). In addition, only one of the full-penetration holes (Well 53572; Fig. 4 ) is located near the structure's center; the others are proximal to the basin edge.
Studies of drill hole cuttings indicate that the crater-fill breccia is complex and lithologically variable (Fig. 4) . Three units can be distinguished below the Winneshiek Shale in these cuttings, particularly from Well 53572. From top to bottom, they are: (1) a series of lithologically variable breccias containing sandstone, dolomite, and minor shale (thickness ~84 m); (2) red-brown to gray-green shale (~24 m); and (3) sandstone breccia and loose sand (~52 m). The diversity of inferred rock types, and particularly the occurrence of a shale layer between two breccia units, suggests a basin-filling history that is complex and prolonged, perhaps reflecting the post-impact sedimentary complexities that occur in impact structures formed in marine targets involving a significant depth of overlying water (e.g., Ormö and Lindström, 2000; Dypvik and Jansa, 2003) .
The most informative samples of the breccia unit come from partial penetrations of the upper 16-26 m of the breccia in two cores within the structure, 62035 (CS1) and 80238 (H2) (see Figs. 3 and 5) ; all other breccia samples are represented by drill cuttings. The breccia is composed of angular to subangular clasts of dolomite, sandstone, chert, and less shale in a matrix of very fine to coarse sand-sized dolomite and quartz, with subordinate grains of feldspar and glauconite. Clasts, in particular dolomite clasts, range up to 25 cm in length; Figure 6 shows a representative core sample of breccia that contains smaller clasts.
In addition to the two cores, 16 logged wells yielded relatively reliable drill cuttings of subWinneshiek material. Prior to the recovery of the first core (H2), we suspected that several sub-Winneshiek drill cuttings sample sets represented penetration of breccia or conglomeratic strata (due to the unusual mix of rock and grain types), with occasionally observed fine matrix coating on what appeared to be small (<1 cm) clasts in a few samples. Uncertainty about the actual rock fabric prevailed, however, until we were able to directly observe the breccia fabric in core samples. This observational uncertainty must have also puzzled earlier geological survey well loggers, because historic logs, dating between 1939 and the early 1990s, noted an abnormal mix of rock and grain types, as well as apparently abnormal formational thicknesses, even though the loggers applied normal stratigraphic calls to the logs. Upon retrieval of the two cores, which verified the presence of breccia below the shale, we reinterpreted all the historic logs and reexamined some of those sample sets. However, uncertainty concerning several aspects of both the older and more recent cuttings samples remains, most notably the exact point of contact between the crater-fill breccia and the crater wall and floor (or down-dropped blocks) in several of the wells.
Despite the inherent problems in the interpretation of drill cuttings, it is clear that the craterfill breccia is lithologically variable horizontally as well as vertically. Examination of fragment types in several sets of well cuttings revealed a radial cross-basin variation in the breccia unit: carbonate lithologies (dolomite) dominate near the basin rim and siliciclastic (sandstone) fragments toward the center (Fig. 8) . However, the present data are not adequate to reveal whether this variation reflects processes in the primary impact (e.g., deeper excavation in the center, removing more deeply buried Cambrian sandstones) or subsequent depositional effects (heterogeneities in the source areas or sedimentary sorting mechanisms).
Crater-Fill Units: The Winneshiek Shale
The Winneshiek Shale was originally described as "a greenish brown to dark-gray finely laminated sandy shale with a significant organic carbon and pyrite content" (Liu et al., 2006, p. 969) . In outcrop and core samples, it is a series of alternating sub-mm-to mm-thick silty to sandy shale laminae suggestive of prolonged deposition in a quiet-water environment.
The Winneshiek Shale is fully penetrated by 20 drill holes and ranges in thickness from 17 to 27 m. The most reliable shale thickness data come from the two cores CS1 and H2 (62035 and 80238) and a water well (53572), which yielded a natural gamma and cuttings log (Fig. 4) . Shale thickness in the cores, which are located 0.6 and 0.3 km from the basin edge and 2.2 and 2.5 km from the basin center (Figs. 3 and 18B), ranges from 17 to 18 m. Shale thickness in Well 53572, which is 0.35 km from the basin center, is 26 m as measured from consideration of both drill cuttings and a natural gamma log (Fig. 4) . All subsurface and airborne electromagnetic data (Kass et al., 2013a (Kass et al., , 2013b suggest that the Winneshiek Shale is the uppermost basin-fill unit across the entire structure.
SAMPLE COLLECTION, PREPARATION, AND STUDY METHODS
In typical impact structures, the diagnostic indicators of impact-produced shock metamorphism tend to be located in specific regions within the structure, particularly in units of crater-fill breccias that are deposited in the crater immediately after excavation of the original bowl-shaped cavity (see e.g., Dence, 1968; Grieve, 1987; French, 1998, Chs. 3, 5) . Such units, and the shock-metamorphosed fragments they contain, have been critical in providing convincing evidence for the impact origin of suspected structures, often through samples obtained by drilling (Dence, 1968; Dence et al., 1968; Grieve, 1987) . At the Decorah structure, access to these crater-fill units is severely limited by the complete lack of crater-fill breccia exposures, and samples of these critical lithologies (i.e., the polymict breccias beneath the Winneshiek Shale) could be obtained only from drill holes that encountered the breccia (Figs. 3,  4 , and 5).
In our study, this limitation is offset by the fact that the identification of diagnostic shock effects (especially PFs and PDFs in quartz) can be successfully carried out on small samples and even on individual mineral grains (e.g., Stöffler and Langenhorst, 1994; Montanari and Koeberl, 2000) . The samples studied were obtained from two drill holes on the southeast periphery of the structure that penetrated the polymict breccia underlying the Winneshiek Shale: a rotary drill hole (52450) and a shorter core-drill hole (H2). (See Fig. 18B for locations.)
Two samples, one from each hole, were selected for detailed study. (In the descriptions below, we follow earlier writers [Stöffler and Langenhorst, 1994; French et al., 2004; French and Koeberl, 2010] in using the nongenetic term planar microstructures [PMs] for all planar or quasi-planar deformation features in quartz, while planar fractures [PFs] and planar deformation features [PDFs] are more strictly defined and regarded as unique and diagnostic shock-wave products that identify meteorite impact events.)
1. Sample H2-1-2, a 2.5 by 4.0 cm specimen from a 5-cm-diameter drill core, comes from a depth of 33.36 m in the H2 core (Figs. 5 and 6) and was examined in a standard petrographic thin section (Fig. 9) . The sample depth is ~15 m below the top of the breccia.
2. The other sample, from Well 52450, was obtained from a rotary drill hole cuttings sample composed dominantly of dolomite, single quartz grains, minor feldspar, and other minerals (Fig. 10) . Sample depth was an interval of cuttings from 80.8 to 82.3 m, ~8 m below the top of the breccia unit. The quartz grains were generally loose, matrix free, and rounded to broken and angular in shape; the original content of deformed grains showing planar microdeformations (PFs and/or PDFs) was visually estimated to be ≤l% by number. This sample was washed in tap water and oven dried at 70 °C; individual grains in the range of 0.5-1.5 mm in size were then handpicked under a binocular microscope in reflected light at magnifications of less than 40×. Grains with highly developed sets of planar microstructures (PFs and PDFs) appeared white, opaque, and fractured in reflected light (Fig. 10) as a result of internal reflections. These white, opaque grains were handpicked to produce a concentrate in which the percentage of quartz grains with PFs and/or PDFs was increased from ≤1% to >75%. The concentrated grains were incorporated into an epoxy plug 2.0 cm in diameter, cemented to a thin section, and ground and polished to a standard thickness of ~0.03 mm for petrographic studies.
Petrographic thin sections from both samples were examined on a standard polarizing micro scope (flat-stage) and then transferred to a 4-axis Leitz Universal stage (U-stage) for measurement of the polar angles (⊥˄c) between the quartz c-axis and the poles to the various PF and PDF planes, using standard methods (e.g., Robertson et al., 1968; Engelhardt and Bertsch, 1969; Stöffler and Langenhorst, 1994; Montanari and Koeberl, 2000, p. 295-300; French et al., 2004; Ferrière et al., 2009 ). Both samples provided sufficient quartz grains to produce a statistically robust number (> ~100) of polar angle measurements and their angular distributions Ferrière et al., 2009) . Only observable PMs were recorded; no correction was made for possible unobservable PMs lying in the "zone of inaccessibility" outside the range of possible U-stage rotations (see, e.g., Engelhardt and Bertsch, 1969; Stöffler and Langenhorst, 1994; Ferrière et al., 2009) .
Polar angle measurements were initially plotted by hand to produce a standard histogram of the number of measurements versus their angular distribution Alexopoulos et al., 1988; Stöffler and Langenhorst, 1994; . The individual orientation measurements were then replotted on a Wulff (stereographic) stereonet with the quartz c-axis rotated to vertical, producing a so-called "rectified" or "spike" plot. For each measured grain, this plot was then overlain with a stereographic template of quartz orientations in order to assign specific Miller index {hkil} values to the individual planes (for details, see Engelhardt and Bertsch, 1969; Stöffler and Langenhorst, 1994; Montanari and Koeberl, 2000, p. 295-300) .
All plotting and {hkil} determination measurements were done by hand; although several automated methods are now available (e.g., Huber et al., 2011; Losiak et al., 2016) , they have not been tested on large populations of measured PFs and PDFs, and we therefore did not apply them in this study. We used the older stereographic template (Engelhardt and Bertsch, 1969) containing 10 quartz {hkil} forms, rather than the recently proposed version containing 15 forms (introduced by Ferrière et al., 2009 , Table 1 ). Using the older template does not result in any serious differences in the orientation patterns obtained (see discussions in Ferrière et al., 2009) , and has the advantage of making it possible to compare our petrofabric results directly with those of earlier studies on other impact structures (e.g., French et al., 1974 French et al., , 2004 .
RESULTS

Sample Petrography
Sample H2-1-2
This sample is a fine, poorly sorted, possibly sedimentary, polymict breccia composed chiefly of a variety of fragments of carbonate and sandstone rocks and individual mineral fragments (Fig. 9A) . The lithology is structureless, and individual fragments show apparently random sorting and orientation. Percentages of different rock and mineral components (visually estimated) vary significantly with location in the thin section. Rock and mineral fragments ≥1 mm in size (and mostly as large as 5-10 mm) are typically angular and blocky and make up ~50% of the sample. Most of these fragments consist of various microcrystalline carbonate lithologies with grain sizes ranging from fine-(50-100 µm) to medium-grained (0.1-0.4 mm).
All the carbonate appears to be dolomite, with no calcite present. Some carbonate fragments contain occasional thin layers of small (0.1-0.5 mm) rounded quartz grains. A few typical carbonate fabrics, such as oolitic to peloidal, are evident in the dolomite clasts; such textures are found in both the Oneota and Shakopee formations.
Single quartz grains 0.2-2 mm in size constitute ~25% of any given field of view, and a few exotic grains and fragments are present: microcrystalline chert, shale, crystalline quartzrich and quartz-feldspar metamorphic(?) rocks, and fine-grained quartz-feldspar (volcanic?) rocks with lath-like feldspars forming apparently microgranophyric textures. The single mineral grains are overwhelmingly quartz, with very rare feldspar and glauconite. The feldspar grains are fine-to very fine-grained and usually have a rounded grain core with angular feldspar overgrowths, a texture typical for very fine-to fine-grained feldspathic sandstones in the Upper Cambrian of the Mississippi Valley region (Odom, 1975) . Matrix materials (rock and mineral fragments <1 mm), including single quartz grains, constitute ~50% of the unit, and the individual rock and mineral fragments (≥1 mm), chiefly carbonate rocks, chert and individual quartz grains, occur in a fine microcrystalline carbonate cement (~5%).
The breccia consists almost entirely of rock and mineral fragments derived from local sandstone and carbonate strata that enclose the Decorah structure, together with a small percentage of granitic and volcanic(?) lithologies probably derived originally from the underlying Precambrian crystalline basement. The rarity of these latter fragments (≤1%) in the breccia suggests that they were not derived from direct excavation of the basement but were present as isolated pre-impact clasts in the younger sediments (e.g., the Cambrian sandstones) that were excavated by the impact (see Table 1 ).
Individual quartz grains constitute ~25%-50% of the matrix material and up to 25% of the overall sample, although estimated percentages vary significantly (from 10 to 25%) with location in the thin section. The quartz grains are generally single individuals, spheroidal to ellipsoidal in shape, and generally rounded to subrounded (Fig. 9B) , although small grains (<0.1 mm) may be angular, possibly because they are fragments derived from larger grains. These quartz grains could be sourced from any quartzose sandstone units in the sedimentary section, e.g., the Ordovician basal Shakopee, or the Cambrian Jordan formations (see Table 1 ). If the impact process excavated sedimentary rock units deeper than the Lone Rock, the coarser quartz grains could also have been derived from the Wonewoc or Mt. Simon formations.
Sample W-52450
The handpicked quartz grains in this sample are typically 0.5-1.5 mm in size, spheroidal to ellipsoidal in shape, and well-rounded to subrounded. Out of 96 total grains, 93 were quartz and 3 were carbonate. Out of the 93 quartz grains, 73 (78%) contained measurable sets of planar microstructures (both PFs and PDFs). The remaining 20 quartz grains were not measureable for several reasons: extreme marginal cracking during preparation (16), polycrystallinity and small individual grain sizes (3), and apparent absence of any planar microstructures (1).
Deformation of Quartz Grains
In the thin section of sample H2-1-2, the majority of quartz grains show no unusual deformation and display only features characteristic of normal metamorphism (for descriptions, see, e.g., Spry, 1969; Vernon, 2004; French and Koeberl, 2010 , and references therein). Most of the quartz grains are undeformed or only slightly deformed; extinction under crossed polarizers is generally sharp (<5°), occasionally slightly undulose (5-10°), and rarely strongly undulose (>10°). In rare cases, deformation bands or segmented extinction in adjacent areas are evident, but no multiple small domains ("mosaic extinction") were observed. Typical metamorphic deformation lamellae (Bӧhm lamellae or MDLs) were observed in only a few grains. The sample of rotary cuttings (sample W-52450) is similar; most of the individual quartz grains show similar features and lack any unusual deformation effects.
Significant percentages of quartz grains in both samples show single or multiple parallel sets of planar microstructures (PMs) in various orientations. Such features occur in ≤1% of the grains in sample H2-1-2 (Fig. 9B) and >75% of the individual handpicked grains from sample W-52450. The observed PMs are of several different types; some represent the results of normal crystallization and metamorphism; others are due to shock deformation (for discussions, see, e.g., French and Koeberl, 2010, p. 133-141) . For convenience in detection, measurement, data reduction, and interpretation, we first classify PMs into two nongenetic categories, P1 and P2, an informal terminology used in studying similar shocked sedimentary rocks from the Rock Elm structure, Wisconsin (French et al., 2004) . P1 features are larger, darker, more widely spaced, and more continuous across a larger fraction (typically >50%) of an individual grain; they are interpreted as shock-produced open fractures (cleavage), identical to the features designated as planar fractures (PFs) (Stöffler and Langenhorst, 1994) . P2 features designate shorter, narrower, and more closely spaced closed structures that may have a variety of characteristics and origins: healed fractures, subsidiary fractures in feather-fracture features Poelchau and Kenkmann, 2011) , and genuine shock-produced planar deformation features (PDFs) (Stöffler and Langenhorst, 1994; .
P1 Features
P1 features (or PFs) are the dominant PMs observed in shocked quartz grains from the Decorah structure (Fig. 11) . They form multiple sets of diversely oriented planes within single host quartz grains, and they occur in virtually all grains that show any shock-produced PMs. Typically, 1-5 distinct sets of P1 planes are present in individual grains, and larger numbers (≤8) are occasionally present. In both Decorah samples, most grains with P1 features exhibit 2, 3, or 4 distinct sets. Values for sample H2-1-2 are: 2 (25%), 3 (36%), and 4 (11%). Individual P1 planes are generally dark, uniformly planar, between 1 and 2.5 µm thick, and spaced at distances of 10-25 µm. Mutual offsets along intersecting sets of planes have not been observed. Fracturing and spalling of the host quartz grains has occasionally occurred along the planes of P1 features, forming sharp, step-like grain boundaries in which the "steps" are continuous with, or parallel to, specific P1 features in the grain (Fig. 12) . Within other grains, the development of small rhombic blocks, parallel to existing P1 features, is evident. These observations indicate that the P1 features are themselves discrete open fractures within the quartz grain, along which subgrain fragments have easily separated. The dark color of individual P1 planes may be produced by a filling of exotic material (e.g., clay minerals) within the fractures, although no specific birefringent materials were observed (see French et al., 2004, p. 205) .
P2 Features
P2 features in Decorah quartz grains are generally light-colored and form small, isolated areas typically ≤100 µm in size, commonly located at the corners, or along the edges, of quartz grains, and more rarely within the grains themselves (Fig. 13 ). Where present, P2 features generally form multiple sets, typically 2-4 per grain. Individual planes are sharply planar, clear, closely spaced, and locally continuous, and their visibility appears to be enhanced by refractive-index differences ("Becke line effects") between the planes and the host quartz. The close spacing and optical effects associated with P2 features make measurements difficult, but typical widths appear to be 0.5-1 µm, with spacings of 1.5-2 µm. In the handpicked grains from sample W-52450, P2 features occur in ~60% of the 77 measured grains that also show P1 features. In both samples, P2 features were found alone in only one quartz grain.
The characteristics of P2 features in the Decorah samples (multiplicity, narrowness, close spacing, and possible refractive index effects) are virtually identical to those of shockproduced PDFs (e.g., Alexopoulos et al., 1988; Stöffler and Langenhorst, 1994; Ferrière et al., 2009) , and the orientation patterns obtained from U-stage measurements (described below) support that interpretation. The Decorah P2 features differ from those in deformed quartz from the Rock Elm structure, Wisconsin , where P2 features are typically short, planar to subplanar, and inclusion-decorated, resembling healed fractures. The Rock Elm P2 features are commonly associated with P1 features (planar fractures) forming distinctive feather features that have been suggested as diagnostic for low-pressure shock waves in impact structures (French et al., 2004; Poelchau and Kenkmann, 2011) . Although feather features are common in the Rock Elm rocks , they were only rarely observed in quartz grains from our Decorah samples (for an example, see Fig. 14) , where individual sets of both P1 and P2 features are the most common deformation features.
In contrast to the mild deformation observed in the majority of quartz grains from our Decorah samples (see above), grains containing P1 and P2 features are significantly deformed themselves. In cross-polarized light, extinction is highly undulose to irregular, often forming a variable mosaic pattern. Such extreme deformation and extinction effects appear restricted to grains that display obvious P1 and P2 features. Rare quartz grains with P1 and P2 features also show a pale-yellow to medium yellow-brown color ("toasting") in transmitted light in thin section, an effect attributed (Whitehead et al., 2002) to the presence of small fluid inclusions associated with shock-produced PDFs. This "toasting" effect is observed only in a small fraction of grains with P1 and P2 features. The grain darkening produced by the presence of P1 features, combined with the color effects of "toasting" (where present), allow these shockdeformed grains to be quickly distinguished in thin section from the more abundant clear and undeformed grains (Figs. 9A and 9B ).
Orientation Patterns of Planar Microstructures (P1 and P2 Features)
The measurement of planar microstructure (PM) orientations in quartz-bearing samples from suspected impact structures, and the demonstration that such orientations are uniquely different from those produced by non-impact processes, have been critical to the recognition of terrestrial impact structures for several decades (see papers in French and Short, 1968; Stöffler and Langenhorst, 1994; Ferrière et al., 2009; French and Koeberl, 2010) .
To obtain PM orientation data for the Decorah structure, we measured suites of quartz grains containing >100 PMs in both of our Decorah samples (sample H2-1-2: 122 planes/28 grains and sample W-52450: 376 planes/77 grains) ( Table 2 ). Histogram plots of frequency versus polar angle were constructed separately for P1 features, P2 features, and total (P1 + P2) features (Figs. 15A, 15C , and 15E, and 16A, 16C, and 16E). In addition, rectified ("spike") plots were determined for the same populations (Figs. 15B,  15D , and 15F, and 16B, 16D, and 16F).
P1 features (PFs) are well expressed in quartz grains in both samples, with multiple sets ob- served in ≤1% of the grains in a given sample. The P1 orientations show fabrics typical for PFs in shocked sedimentary rocks at numerous impact structures (French et al., 1974 . This pattern is characterized by strong concentrations of planes parallel to the polar angles of 0°, 48°-52°, and 90°, corresponding to the planes c(0001), ξ{1122}, (r,z){10 11}, and a{1120} (Figs. 15A, 15B, 16A , and 16B). The three largest peaks of the measured P1 features in W-52450 correspond to the planes (r,z){10 11} (39%), c(0001) (15%), and ξ{1122} (12%). The "not indexed" (N/I) values for the different populations in both samples H2-1-2 and W-52450 (11%-23%) are comparable to those measured from established impact structures (≤10%-20%: Ferrière et al., 2009) .
P2 features in the Decorah samples are interpreted as definite PDFs (see above). Their orientations patterns (Figs. 15C, 15D, 16C , and 16D) show significant peaks at polar angles of 0°, 48°, 52°, and 90°, similar to those shown by the P1 features (see above). In addition, the P2 orientations show significant peaks at angles of 23° and 32°, corresponding to the well-known ω{10 13} and π{10 12} planes that are typical of shock-metamorphosed crystalline rocks . The P2 orientations in Decorah samples show more and smaller peaks than those for the P1 planes. The three largest peaks for all P2 samples in W-52450 correspond to (r,z){10 11} (17%), ω{10 13} (13%), and c(0001) (9%). The significant presence of orientations parallel to ω{10 13} and π{10 12} is consistent with the interpretation of P2 features as PDFs.
In the Decorah samples, both P1 and P2 features show strong concentrations at specific polar angles, particularly ~0°, ~50°, and ~90°. Such concentrations are typical for the fabrics produced by shock metamorphism, and the Decorah plots are closely similar to plots from two other established impact structures: the BP site, Libya (French et al., 1974) and Rock Elm, Wisconsin (Fig. 17) .
The "not indexed" values for P2 features (21%-35%) are higher than those for P1 features (11%-23%). This situation may reflect a lower degree of measurement precision, which would in turn produce a lower precision of {hkil} assignments. Possible explanations include: (1) the designation as P2 features of multiple features with different origins, e.g., true PDFs, rarer feather-fracture features, and other small unidentified deformations; (2) the difficulty of measuring even true PDFs because of their generally vague, restricted, and patchy character in the quartz grains studied.
Despite these difficulties, orientation fabrics for the Decorah samples (Figs. 15, 16, and 17) are closely comparable to those determined for shocked quartz at established impact structures, and the data presented here constitute solid evidence for the action of shock waves on these samples and, therefore, for the origin of the Decorah structure by meteorite impact.
DISCUSSION Planar Microstructures: Orientation Diagrams, Statistical Evaluation, and Occurrence
Use of Traditional Plotting and DataReduction Methods
Until recently, PM orientation diagrams have been plotted and evaluated by hand, and the use of such plots to identify shock environments and meteorite impact structures has been done largely by inspection and qualitative comparison, relying on: (1) the uniqueness of shockproduced orientation fabrics; (2) their similarities to orientation patterns from experimentally shocked samples or from established impact structures; and (3) the clear differences between the orientations of shock-produced PMs and those produced by non-shock geological processes (see, e.g., French and Short, 1968; Engelhardt and Bertsch, 1969; Alexopoulos et al., 1988; Stöffler and Langenhorst, 1994; Ferrière et al., 2009; French and Koeberl, 2010) . More recently, attempts have been made to develop rapid and accurate computerized methods to replace the hand-plotting of orientation histograms and the use of a handmanipulated stereonet to determine the {hkil} values of individual PM sets (Huber et al., 2011; Losiak et al., 2016) . At the same time, a related development has been the design and use of a new stereonet template containing 15 {hkil} forms (Ferrière et al., 2009 ) to replace the traditional and established version (Engelhardt and Bertsch, 1969) containing only 10 forms. Computerized data-reduction for PM orientation measurements is a highly desirable goal; such methods would produce major savings in time, significant improvements in overall accuracy and confidence, and the ability to measure and process more and larger batches of PM orientation data in shorter periods of time. However, in this paper, we have used the established methods (hand-plotting and the 10-form stereonet) for the Decorah samples for several reasons beyond the obvious ones of convenience and familiarity: (1) the computer methods have not yet been tested and evaluated by comparing large batches of real data on both known and suspect impact structures, and it is possible that significant modifications may still be required; and (2) the old-style orientations can be compared directly, both visually or with simple statistical analysis, with similar plots determined for impact structures over several decades ) (see Fig. 17 ).
Detailed statistical comparisons between the "old" and "new" methods of PM plotting and evaluation have yet to be made, but it is unlikely that our use of the "old" system will compromise our conclusions. The five new {hkil} forms in the "new" stereonet (Ferrière et al., 2009) involve only a small percentage of the planes measured in a typical sample; for example, only a small fraction of ω{10 13} planes in the "old" system would be shifted to the "new" {10 14} plane (see Ferrière et al., 2009, p. 934) , and this is unlikely to result in major differences in {hkil} assignments between the "old" and "new" stereonets. Orientation diagrams will appear similar regardless of which stereonet is used, and the identifying characteristics of shock-produced orientations, i.e., extreme concentrations at specific {hkil} planes, will be evident in either stereonet. If more planes can be indexed with the "new" stereonet, the percentage of "not indexed" ("N/I") planes will be reduced (Ferrière et al., 2009, p. 934) . Until the "old" and "new" plotting systems are rigorously compared, however, there is no objective basis for determining which one is a more reliable indicator of shockproduced PM orientation fabrics in samples from suspected impact structures.
Ambiguities in {hkil} Assignments
A significant, although not serious, problem with either system of plotting and data reduc- tion is a small number of ambiguities in assigning exact {hkil} values to certain closely spaced PM sets, because the accuracy of individual orientation measurements is generally not better than ± 5° (e.g., Ferrière et al., 2009 ). In both Decorah samples, a significant number of grains (e.g., ~10% in sample W-52450), which displayed planes at polar angles of 45-55°, produced different but equally good {hkil} matches with the template, regardless of whether these planes were arbitrarily assigned to the forms ξ{1122} (48°) or to r/z{10 11} (52°). A smaller number of similar ambiguities were noted with other forms. Choices between these possibilities were made arbitrarily, usually by choosing alternate possibilities in alternate grains. However, the number of grains at issue is relatively small (only a few grains in each measurement group), and regardless of how such assignments are made, the different choices produce only small changes in the percentages of the particular planes involved. The overall appearance of the orientation pattern does not change significantly, and the major shock-produced characteristics are preserved.
Rarity of "Feather Features" at Decorah
The P2 features at Decorah differ from those at the similar Rock Elm, Wisconsin impact structure . At Rock Elm, the features designated as P2 are generally small, healed, quasi-planar fractures, many of which are connected at one end to larger P1 features to form common and distinctive feather features, which are believed to form at relatively low shock pressures (~7-10 GPa) (French et al., 2004; Poelchau and Kenkmann, 2011) . At Decorah, most P2 features appear to be genuine PDFs (Fig. 13) , which indicate higher shock pressures (>10 GPa; Stöffler and Langenhorst, 1994) , while feather features were very rarely observed (e.g., Fig. 14) . The difference in apparent shock levels in samples from the two localities could be explained in at least three ways: (1) the difference is a random artifact of the small number of Decorah samples examined; (2) the Rock Elm samples were collected from in-place bedrock located below the final crater floor, where relatively lower shock pressures would be expected (Dence, 1968; Robertson, 1975; Robertson and Grieve, 1977) ; and (3) the Decorah samples consist of rock fragments and individual quartz grains collected from a probable unit of crater-fill breccia composed of material derived from various locations above the original crater floor. Some of the Decorah material was probably exposed to higher pressures closer to the impact point, producing numerous grains with definite PDFs and relatively fewer grains with feather features.
Geological Structure and Comparisons to Other Impact Structures
Apparent Absence of a Central Uplift
Our preliminary interpretation of the Decorah structure (Figs. 3 and 18 ) exhibits several features characteristic of small, deeply eroded meteorite impact structures (e.g., French et al., 2004; French and Koeberl, 2010; Kenkmann et al., 2013 Kenkmann et al., , 2014 Kenkmann et al., , 2017 : a generally circular outline, a shallow-basin shape, and a local sequence of anomalous sediments and/or breccias that truncate and replace the original regional stratigraphy. The presence of diagnostic shock-produced PFs and PDFs in quartz grains from the craterfill breccia establishes a strong and convincing similarity between the Decorah structure and numerous other structures generally regarded as the products of meteorite impact events.
However, critical geological information about the structure remains poorly known. Surface exposures are rare and limited to slightly deformed rim rocks and to the uppermost part of the post-impact crater-fill sediments (Winneshiek Shale). Several drill holes provide cuttings samples of the subsurface units (Figs. 3  and 18 ), but only one basin-centric hole (53572) apparently penetrates the complete thickness of crater breccia and enters the bedrock beneath (Figs. 3, 4, and 18 ). The two drill holes (52450 and H2) that provided the critical samples for the discovery and analysis of shock-metamorphic features in quartz both bottom in the breccia layer and provide no information about the crater floor or the sedimentary bedrock units below it. The subsurface character of the Decorah structure is therefore uncertain, and no groundbased geophysical surveys, including gravity and seismic methods, have yet been done. The airborne gravity gradient data (Kass, et al., 2013a (Kass, et al., , 2013b clearly demarcate an area of low density consistent with the center of the impact structure, and further modeling with this data set may clarify the depth and three-dimensional configuration of the structure.
Our preliminary interpretation of the Decorah structure (Figs. 3 and 18) shows some significant differences from impact structures of comparable size formed in similar sedimentary targets. The presently preserved Decorah structure apparently lacks a preserved circular, uplifted rim, a condition that may reflect deep erosion of the original structure before deposition of the overlying post-crater sediments. A more striking anomaly is the apparent absence of any structural uplift of the subcrater rocks (Wonewoc, Eau Claire, and Mt. Simon formations) in the center of the structure. This tentative interpretation is based only on the evaluation of cuttings from the single well-hole (53572) that apparently penetrated the craterfill units and entered into the underlying sedimentary rocks, which appear to be located at approximately the same level as the equivalent units outside the structure (Fig. 3) .
The apparent absence of any central uplift in the Decorah structure is surprising. Such uplifts have long been regarded as an integral part of the formation of large (diameter >~2 km) impact craters (Dence, 1965; Grieve et al., 1977; Melosh, 1989, Ch. 8) , and central uplifts have been identified in nearly all known impact craters in this size range (Grieve and Pilkington, 1996; Kenkmann et al., 2013 Kenkmann et al., , 2017 , although a few exceptions may exist (Lindström et al., 2005; King et al., 2006; Darlington et al., 2016) .
Current cratering models (e.g., Grieve, 1991; Grieve and Pesonen, 1992; Grieve and Pilkington, 1996; Melosh and Ivanov, 1999; Kenkmann et al., 2014) suggest that an impact structure of this size (initial diameter ~6 km) in sedimentary rocks would normally develop as a complex structure, consisting of a central uplift of underlying target rocks surrounded by an annular depression (commonly filled with impact breccias and overlying sediments), and an outer rim. In such a complex structure, the maximum stratigraphic uplift of subcrater rocks in the central uplift is ~0.1D, where D is the final crater diameter. This model implies that a central uplift with a maximum stratigraphic uplift of ~600 m should have been produced when the Decorah structure formed, but the current limited stratigraphic and drill-core information It is unlikely that the absence of a central uplift at Decorah can be explained by postimpact erosion. The central uplifts of more deeply eroded impact structures are generally less prominent and display less stratigraphic uplift than their original maximum, but many complex structures similar to Decorah in size (diameters of 5-7 km) and erosional history preserve stratigraphic uplifts of at least 200-300 m (e.g., Grieve and Pilkington, 1996; Kenkmann et al., 2014 Kenkmann et al., , 2017 . The nearby Rock Elm structure, for example, is similar to Decorah in diameter, target rocks, age, and deep erosional level, and still preserves a visible central stratigraphic uplift of at least 200-300 m (French et al., 2004, p. 204) .
Current studies of cratering mechanics suggest several possibilities, involving the nature of the impact event or the properties of the target, that might explain the absence of a central uplift at Decorah: (a) an unusually low impact angle (<15º from the horizontal; see Pierazzo and Melosh, 2000; Stickle and Schultz, 2012) ; (b) a marine impact, involving a target of soft, possibly water-filled, sediments covered by a significant thickness of water (see Ormö and Lindström, 2000; Dypvik and Jansa, 2003; Davison and Collins, 2007; Darlington et al., 2016) ; and/or (c) immediate major erosion of the newly formed crater (and any original central uplift) by intense post-impact resurge currents (see von Dalwigk and Ormö, 2001; Glimsdal et al., 2007) .
The existence (or absence) of a central uplift at Decorah is a major issue, not only for the future study of Decorah itself, but for our current understanding of the exact process by which a large number of similar structures have formed.
Resolving this problem will probably require extensive local geophysical investigations involving gravity, magnetics, and active seismic methods, ideally supplemented by core drilling through the entire section of crater fill and into the disturbed subcrater rocks.
Post-Impact Erosion of the Decorah Structure
The currently preserved Decorah structure (see Figs. 3 and 18) shows virtually no relief under its cover of discomformable St. Peter Sandstone. In particular, there is no indication of a preserved uplifted crater rim or of a thick layer of ejecta surrounding the original crater (Melosh, 1989, Ch. 8; Kenkmann et al., 2013) . As a result, neither the thickness of post-Shakopee, pre-impact sediments, nor the vertical height of the impact point above the present surface (which are approximately the same) can be closely estimated, but the information about the present state of the structure can be used to make estimates about the amount of post-impact erosion of the crater and its surroundings.
Current cratering models (Melosh, 1989, Ch. 8; Kenkmann et al., 2013) suggest that removal of the original crater rim and ejecta layer required the erosion of a layer ~300-500 m thick before the eroded structure was covered by the St. Peter Sandstone. By comparison, at the nearby Rock Elm structure there are indications that >300 m of now-eroded sediments younger than the Prairie du Chien group were present at the time of impact and were subsequently eroded (French et al., 2004, p. 214 , and references therein). However, in the Decorah area, such younger pre-impact sediments must have been <300 m thick, or the remaining part of the present bowl-shaped impact structure would not have been preserved. This deep post-impact erosion of the Decorah structure, which represents a hiatus of perhaps 15-20 m.y. (Bunker et al., 1988) , developed the major unconformity that now separates the youngest preserved pre-impact rocks (Shakopee Formation) from the oldest post-impact rocks (St. Peter Sandstone).
CONCLUSIONS
1. A circular, largely subsurface, basin-shaped feature ~5.6 km in diameter, which displays anomalous geology, has been identified near Decorah, in northeastern Iowa. The surrounding regional geology consists of a uniform section, several hundred m thick, of virtually undeformed cratonic sediments (chiefly sandstones and carbonates) ranging in age from Upper Cambrian to Upper Ordovician and overlying a basement of Mesoproterozoic crystalline rocks.
2. This circular feature (designated here the "Decorah impact structure") is expressed at the surface by the presence of an unusual shale unit (the Winneshiek Shale) that is restricted to the circular area and has not been found elsewhere in the region. This unit contains a striking Lagerstätte with a variety of well-preserved fossils (Liu et al., 2006 .
3. Surface exposures of the Decorah structure are few, and its subsurface structure is inadequately defined, chiefly from examination of water-well drill-hole cuttings, two short cores, and two small surface exposures. The data available outline an apparently basin-shaped feature that extends from the surface to depths of ~200-300 m, truncating units from the Lower Ordovician Shakopee Formation to the Upper Cambrian St. Lawrence-Lone Rock-Wonewoc formations. The basin and its sedimentary fill are overlain disconformably by the Middle Ordovician St. Peter Sandstone. The structure apparently does not penetrate the underlying Mesoproterozoic crystalline basement rocks.
4. The Decorah structure shows several characteristics that are consistent with formation by meteorite impact: a generally circular outline, a shallow-basin shape, anomalous cross-cutting relations to geological units outside the structure, and a filling of anomalous sediments not present in the regional stratigraphy. However, it lacks evidence for such typical impact features as an uplifted crater rim and a layer of ejecta surrounding the structure. 
B
5. Studies of available drill cuttings and drill core samples indicate that the basin of the Decorah structure is completely filled by a series of sediments, established breccias, and inferred breccias ~200 m thick that are not observed in the sedimentary sequence outside the structure. Several stratigraphically distinct units can be distinguished on the basis of geophysical studies and drill hole cuttings. One upper unit (thickness ~100 m?) is an unusual, poorly sorted, possibly sedimentary, polymict crater-fill breccia composed of fragments of target rock lithologies penetrated by the structure. This unit is overlain by the thinner (≤27 m), fine-grained, and finely laminated Winneshiek Shale. Available data suggest that additional lithologies, and a more complex stratigraphy, may also be present in these basin-fill materials.
6. Two samples of the unusual crater-fill breccia, examined by petrographic and petrofabric (Universal Stage) methods, contain significant amounts of single rounded quartz grains, almost certainly derived from underlying Cambrian quartz arenites. A small percentage of these grains (≤1%) display multiple sets of parallel planar microstructures of identical appearance and crystallographic orientation (relative to the quartz c-axis) to shock-produced features observed in rocks from established meteorite impact structures: planar fractures (cleavage) ("P1 features") and planar deformation features (PDFs) ("P2 features"). Individual grains typically display as many as 1-5 sets of PFs and 2-4 sets of PDFs, both of which are oriented parallel to specific crystallographic planes in the host quartz, most commonly (0001), {1122}, and {10 11} (for PFs) and {10 11}, {10 13}, and (0001) (for PDFs).
7. Numerous studies by other workers have shown that these planar microstructures are unique and diagnostic shock-metamorphic features, produced by impact-generated shock waves with pressures in the range ≥5-10 GPa (for PFs) and 10-~20 GPa (for PDFs). They provide convincing evidence that the Decorah structure is a meteorite impact structure. No impact-related products of higher-pressure shock waves (e.g., shock-produced glasses, impact melts) have yet been identified. The identification of the Decorah structure as a meteorite impact feature demonstrates again the potential of petrographic and petrofabric studies, even on small or geologically limited samples, to establish the impact origin of structures that are deeply eroded or largely inaccessible.
8. On the basis of its current diameter, we suggest that the original Decorah structure was a complex impact crater with an original diameter of ~6 km. However, unlike virtually all impact structures of comparable size, the Decorah structure currently shows no evidence for the presence of a structural central uplift, an anomaly which probably cannot be resolved without more geological and geophysical studies.
9. Based on impact cratering models, we estimate that the original impact point was located in younger, now-eroded sediments ~300-500 m above the present surface. A similar amount of erosion has therefore occurred post-impact, removing any original upraised crater rim or any ejecta layer that surrounded the original structure. This period of deep erosion, which may have lasted as long as 10-20 m.y., ended with the disconformable deposition of the St. Peter Sandstone over the structure and the surrounding region.
10. The age of the Decorah structure has been estimated from a combination of biostratigraphic and radiometric ages as 460-480 Ma, and a recent chemostratigraphic study of δ 13 C org (Bergström et al., 2018) provided a narrower estimate of 464-467 Ma. We therefore suggest, with Bergström et al. (2018) , that the Decorah structure may be another member of a growing group of impact structures that apparently represent a "spike" of increased delivery of large and small extraterrestrial bodies to earth during the Middle Ordovician (Schmitz et al., 2001 (Schmitz et al., , 2008 Alwmark et al., 2012) following the breakup of the L-chondrite meteorite parent body in the Asteroid Belt at 470 Ma (Korochantseva et al., 2007) . We suggest that this hypothesis may be tested by obtaining more precise age dates for the Decorah structure (e.g., by the recovery and analysis of shocked zircons [Cavosie et al., 2010] ) or by the recovery of diagnostic extraterrestrial chromite grains from the basin-filling units (Alwmark and Schmitz, 2007; Alwmark et al., 2012) .
11. Despite the confident establishment of the origin of the Decorah impact structure, major questions about its characteristics, forma tion, and history remain. These include: the nature of the subsurface stratigraphy and structure; the presence or absence of an expected central uplift; the precise age of the impact event; the post-impact environment in which the crater-fill breccia and Winneshiek Shale were deposited; the elapsed time (if any) between the end of deposition of the craterfill breccia and the start of deposition of the Winne shiek Shale; the relative roles of impact processes and post-impact preservation in creating the large and unusual Winneshiek Lagerstätte now preserved within the structure; possible connections between the Decorah event and other mid-Ordovician impact events, and the subsequent geological and biological history of the structure and its surroundings.
12. The information now available about the Decorah structure provides a solid base from which to plan and execute more sophisticated investigations. The highest priorities for further studies involve the detailed exploration of the structure, its deformed rocks, and its craterfilling units to determine precisely: the present limits of the structure (e.g., diameter, depth, nature of the crater floor); the structural deformation of the deformed target rocks in and around the crater; the lithologies and stratigraphy of the crater-fill materials; and the recognition of other impact-produced lithologies possibly preserved in the structure. Special attention should be given to the Winneshiek Shale: its stratigraphy, its depositional environment, its relations to other impact-produced lithologies in the structure, and the timing of its deposition relative to formation of the structure. These explorations will require cooperative multidisciplinary investigations involving the detailed examination of available cuttings and core samples, further core drilling through the crater fill and into the subcrater rocks, and a range of geophysical studies, especially using gravity, magnetic, and active seismic methods.
13. Further studies of the Decorah structure have the potential to provide specific information on major questions of meteorite impact mechanics, impact crater formation, the effects of impact on the geological environment, and the geological history of the surrounding region. Although many impact structures of comparable size have already been identified, the Decorah structure is particularly important as an unusual example of a possible complex impact structure apparently formed and enclosed entirely in layered sedimentary target rocks, and further studies of Decorah will help illuminate the specific details of such structures and of how they form. In addition, the presence of a striking fossil Lagerstätte within the crater provides an opportunity to study, on a small scale and over a local region, the possible relations between a meteorite impact event and the preservation of local fauna. Finally, further study of the Decorah structure will contribute to understanding its possible relationship to the proposed "spike" of meteorite impact events in the Middle Ordovician and will help illuminate the more general connections between the process of meteorite impact and the geological and biological history of the Earth.
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